A quantitative analysis of the volume of 4 cell groups in the preoptic-anterior hypothalamic area (PO-AHA) and of the supraoptic nucleus (SON) of the human brain was performed in 22 age-matched male and female individuals. We suggest the term Interstitial Nuclei of the Anterior Hypothalamus (INAH '1-4) to identify these 4 previously undescribed cell groups in the PO-AHA. While 2 INAH and the SON were not sexually dimorphic, gender-related differences were found in the other 2 cell groups. One nucleus (INAH-3) was 2.8 times larger in the male brain than in the female brain irrespective of age. The other cell group (INAH-2) was twice as large in the male brain, but also appeared to be related in women to circulating steroid hormone levels. Since the PO-AHA influences gonadotropin secretion, maternal behavior, and sexual behavior in several mammalian species, these results suggest that functional sex differences in the hypothalamus may be related to sex differences in neural structure.
Male and female mammals exhibit differences in reproductive physiology and behavior patterns that are primarily controlled by the effects of gonadal hormones upon the brain (Goy and McEwen, 1980; Gorski, 1984) . Several types of neuroanatomical sex differences have been identified in both mammalian and avian species that could underlie these functional differences.
There are subtle sex differences in the size of nerve cell nuclei (Pfaff, 1966; DGrner and Staudt, 1968) . At the ultrastructural level, several sexual dimorphisms have been identified in dendritic branching patterns of neurons of the preoptic area (POA) in the rat (Meyers and Gordon, 1982) , hamster (Greenough et al., 1977) , and the macaque monkey (Ayoub et al., 1983) ; and in the synaptic organization of the POA (Raisman and Field, 197 l) , arcuate nucleus (Matsumoto and Arai, 198 l) , and medial amygdala (Nishizuka and Arai, 198 1) of the rat. In addition to these subtle microscopic differences, there exist dramatic dimorphisms in cell groups involved in vocal communication in canaries and finches (Nottebohm and Arnold, 1976) ; in the bed nucleus of the stria terminalis (BNST) in guinea pigs and in rats (de1 Abril et al., 1987) ; and in the POA of rats (Gorski et al., 1978 (Gorski et al., , 1980 , gerbils , guinea pigs , ferrets (Tobet et al., 1986) , and quail (Panzica et al., 1987) . Dcspitc many reports of sexually dimorphic structures in mammalian and avian species, relatively little is known about nemoanatomical sex differences in the human brain. There are gender-related allometric variations in brain weight and evidence for sexual dimorphism in morphological brain asymmetry (Wada et al., 1975) . In addition, the massa intermedia (MI) is more often present (Rabl, 1958) , and both the MI (Allen and Gorski, 1987) and the anterior commissure (Allen and Gorski, 1986 ) are larger at the midsagittal plane in women than in men. Similarly, sex differences in the corpus callosum have been reported (de LaCoste-Utamsing and Holloway, 1982), although not all subsequent studies have replicated this finding. However, there remains a dearth of documented volumetrically sexually dimorphic cell groups in the human brain (Swaab and Fliers, 1985) .
Because the POA shows the greatest number of reported gender-related dimorphisms in other mammalian species, it is a likely site for similar differences in humans. Furthermore, the POA has been implicated in several reproductive functions in the rat and subhuman primate such as gonadotropin release (Gorski, 1968; Plant et al., 1979; Pohl and Knobil, 1982; Wiegand and Terasawa, 1982) , maternal behavior (Jacobson et al., 1980) , and sexual behavior (Robinson and Mishkin, 1966; Gorski, 1974; Arendash and Gorski, 1983; Oomura et al., 1983) . Since there are no clear boundaries in the human brain between the POA and the anterior hypothalamus, and, in fact, some anatomists consider the POA to be the anterior region of the anterior hypothalamus, we selected the preoptic-anterior hypothalamic area (PO-AHA) for quantitative analysis of possible sexually dimorphic nuclei in the human brain.
Materials and Methods
The brains of 22 human subjects, which were determined to be normal upon autopsy and were from individuals who had no known neurological disorder, were chosen from our brain bank of about 100 hypothalami to represent a chronological range of age-matched male and female individuals. All of these brains were collected from 1 of 2 Southern California hospitals, removed from their skulls within 8 hr post-mortem, and placed directly in acetate-buffered 10% formalin (ABF') for 24 weeks prior to coronal sectioning performed during routine autopsy. Hypothalami were dissected from these coronal slabs, and these samples, approximately 3 cm', were saved for 3 months to 2 years prior to histological preparation. No changes due to duration of fixation were observed when comparing the volume of nuclei from brains that had been fixed for less or more than a year (ANOVA; p > 0.05). Subsequently, all samples were processed for histology in age-matched pairs as described below. Immersion in gelatin. Blocks were rinsed overnight in cool water to remove ABF, immersed in 5% gelatin at 37°C for 24 hr, immersed in 10% gelatin for 24 hr, embedded in 10% gelatin, which was allowed to solidify at room temperature, trimmed of excess mold to expose the brain, and placed in 10% ABF for 4 d to harden. Sectioning. Serial 60 pm coronal sections were mounted from saline onto gelatin-coated glass slides, and incubated at 37°C overnight.
Staining with thionin. Sections were dehydrated with alcohol, defatted with xylene, rehydrated with distilled water, stained with 1% buffered thionin, rinsed with distilled water, differentiated with ABF followed by alcohol, and coverslipped out of xylene.
Since we were unable to identify any cell group clearly homologous to a sexually dimorphic nucleus of another species, 4 relatively discrete cell groups within the PO-AHA that stained darkly with thionin were selected for quantitative analysis. In our search of the literature on the human hypothalamus, we were unable to determine the nomenclature for any of these 4 cell groups, We therefore elected to name them Interstitial Nuclei of the Anterior Hypothalamus (INAH) in numerical order in a lateral to medial direction. In addition, we selected the supraoptic nucleus (SON) as a control nucleus since it has not been re-.ported to be sexually dimorphic in another species, is located in the region of the INAH;and, like the INAH, has well-defined borders, relative to the paraventricular nucleus (PVN), the borders of which are not well-defined in the thionin-stained human brain. Serial sections of the INAH and SON were projected onto paper at x 44 magnification, and the boundaries were traced independently by 3 investigators who had no knowledge as to the sex of the brains. We arbitrarily chose to draw the nuclei located on the right side of the brain. The 3 tracings were superimposed on a light box using other anatomical landmarks, and an average outline common to a minimum of 2 of the individual tracings was drawn for each section of each cell group. In general, there was close agreement among the 3 investigators, and the composite outline approximated an average of all 3 individual drawings. We use this methodology rather than calculating an arithmetic mean of the 3 drawings because it more accurately reflects actual perceptions. For instance, in the case where 2 individuals traced a particular section, and a third individual did not, our composite drawing would represent an average drawing of the 2 investigators in agreement, rather than a smaller average based on all 3 investigators, but markedly different from the actual perception of any of the 3 individuals. This method of quantification has been employed routinely in evaluating the volume of neural structures in our laboratory (Gorski et al., 1978 (Gorski et al., , 1980 . The area of each average outline was determined using a Bioquant Hipad digitizer (Bioquant IBM Program version 2.1; R&M Biometrics) having a resolution of 0.5 mm. The volumes of these nuclei were calculated by summing the areas of these values, multiplying by the thickness of the sections, and correcting for magnification.
Results
Our results are based on an analysis of the brains of 11 agematched pairs of males and females. The age range for male subjects was 5-81 years (mean k SEM = 48.8 f 6.7) and for female subjects was 4-81 years (48.6 f 7.2). The average age difference between pairs was 2.3 years. There was an average of 29.5 + 1.5 1 sections per individual brain for INAH-1, 5.09 f 0.26 for INAH-2, 9.7 +-1.01 for INAH-3, 7.95 -t 0.97 for INAH-4, and 83.82 + 3.64 for the SON. Although the brains were cut coronally during autopsy, the angle did vary slightly between subjects, and this increased the variability in the num- Figure 1 . Schematic illustration of the nuclei analyzed in this study in the coronal plane, organized rostrally to cauclally, from the diagonal band Schematic illustration of the nuclei analyzed in this study in the coronal plane, organized rostrally to cauclally, from the diagonal band of Broca (DBZ3) to the ventromedial nucleus (VMN). This atlas was drawn from sections, all projected at the same magnification, from the 58-of Broca (DBB) to the ventromedial nucleus (VMN). This atlas was drawn from sections, all projected at the same magnification, from the 58-year-old male from pair number 7 who was selected because of the similarity in the plane of section to his age-matched pair (Table 1) . There are year-old male from pair number 7 who was selected because of the similarity in the plane of section to his age-matched pair (Table 1) . There are 7 60-pm-thick sections between each section from A through C and from L through R. Between each section from C through L, which contain the 7 60-pm-thick sections between each section from A through C and from L through R. Between each section from C through L, which contain the INAH, there are only 2 60-pm-thick sections. Levels D, E, Z, and J correspond to the Figures 2A, 20 (Table 1) . Finally, the volume of each nucleus was adjusted with Durand's approximation (Burington, 1965) , and all statistical results remained the same.
INAH-2, which is-twice as large in males as in females, is located between the SON and the PVN (Figs. 1 and 2 ) and contains relatively small cell bodies (Fig. 3) . Interestingly, INAHwas 3.7-fold larger in women of child-bearing age (n = 3; 20-32 years old) than in the prepubescent (n = 1) and postmenopausal females (n = 7; the 44-year-old woman in this study had a hysterectamy with ovarian removal 3 years prior to death, and is therefore not included in the group of women . In fact, in the 3 women of reproductive age, INAH-was of similar volume to that of the males (0.046 mm3 women vs. 0.044 mm3 in men). However, more data must be collected before valid statistical comparisons can be made between women of reproductive age and of nonreproductive age. None of the other 3 nuclei we quantified appeared to exhibit a similar age-related pattern of sexual dimorphism. The second sexually dimorphic nucleus that we identified, INAH-3, which was 2.8 times larger in males than in females regardless of age, is located slightly superior to the rostra1 pole of the PVN (Figs. 1 and 2) and has relatively large somata (Fig. 3) .
The other 3 nuclei evaluated exhibited no statistically significant sexual dimorphism in volume. INAH-1, located dorsolateral to INAH-2, between the SON and the rostra1 pole of the PVN (Figs. 1 and 2) , is a relatively large-celled nucleus (Fig. 3) . posteromedial to INAH-( Figs. 1 and 2 ), contains relatively small cells (Fig. 3 ). The similarity in nuclear volume between the male and female INAH-1, INAH4, and the SON demonstrates that the sexual dimorphism observed in INAH-and INAH-does not reflect a general sexual dimorphism throughout the hypothalamus; rather, it is limited to certain structures.
Discussion Homology of the INAHs to nuclei of other species
It is unclear which, if either, of the 2 nuclei we found to be sexually dimorphic in the human brain corresponds to the SDN-POA of the rat. INAH-exhibits similarities to the SDN-POA of the rat by virtue of its location between the optic chiasm and the anterior commissure ( Figs. 1 and 2 ) and its relatively large cell somata (Fig. 3) . However, without knowledge of connectivity or neurochemical characteristics of these nuclei, it is difficult to assign any as a homolog to a sexually dimorphic nucleus of another mammalian species. In the rat, the medial preoptic nucleus (MPN), which contains the SDN-POA, receives input from the amygdala, ventral subiculum, ventral lateral septal nuclei, bed nucleus of the stria terminalis, insular cortical areas, nucleus accumbens, substantia innominata, raphe nuclei, ventral tegmental area, periaqueductal gray, pedunculopontine nucleus, and peripeduncular nucleus and projects to the ventral tegmental area, midbrain central gray (Fahrbach et al., 1986) , pedunculopontine nucleus, and zona incerta (Swanson et al., 1987) . The MPN has been characterized immunohistochemically for the sexually dimorphic distribution of 5-HT fibers (Simerly et al., 1984) , as well as for the presence of dopamine B-hydroxylase, neuropepeptide Y, cholecystokinin, substance P, neurotensin, corticotropin-releasing factor, somatostatin, adrenocorticotropic hormone, alpha-melanocytestimulating hormone, leucine-enkephalin, and calcitonin generelated peptide immunoreactive fibers; and substance P, leucineenkephalin, cholecystokinin, thyrotropin-releasing hormone, neurotensin, corticotropin-releasing factor, calcitonin gene-related peptide, and vasoactive intestinal polypeptide-containing cell bodies . Sex differences in the medial preoptic area (MPOA) have been identified in receptors for opiates (Hammer, 1984) , 5-HT (Fischette et al., 1983) , and gonadal steroids in the rat (Rainbow et al., 1982; Jacobson et al., 1987) and gerbil (Commins and Yahr, 1985) ; for acetylcho- Figures 1 and 2 , appears to be the same nucleus that Swaab and Fliers (1985) named the "sexually dimorphic nucleus of the preoptic area" because of its shape, position in relation to adjacent structures, cell type, size relative to other nuclei in that region, and decrease in volume with advancing age (Table 1) .
linesterase activity in the gerbil (Commins and Yahr, 1984) ; and for both acetylcholinesterase and choline acetyltransferase in the rat (Luine and McEwen, 1983) .
Recently, considerable advances have been made in the localization of neurochemicals and receptors in the human brain, utilizing immunohistochemistry (Bouras et al., 1986 ) autoradiography (Palacios et al., 1986) , and positron emission tomography (Stahl et al., 1986) . Indeed, the link between sexual differentiation of the rat brain and that of the human brain will become clear with advancing time and technology. It is for this reason that we believe that the previously unnamed interstitial nuclei of the anterior hypothalamus (INAH) be described with this simple nomenclature and with a clear description of their anatomical locations (Figs. 1 and 2) . Since there appears to be more than one sexually dimorphic nucleus in this region, and there is presently no indication that INAH-1 is homologous to the SDN-POA of the rat, we do not believe that it is appropriate for INAH-1 to be called the SDN-POA, regardless of its potential sexual dimorphism. Furthermore, INAH-extends into a region of the anterior hypothalamus that is not part of the POA ( Figs. 1; 2 , G, J).
Function
Despite histological and histochemical characterization of sex differences in the MPN of the rodent, little is known about its function. Lesions of the MPOA in female rats (Powers and Valenstein, 1972 ) and lesions of the MPOA and particularly those including the SDN-POA (Hennessey et al., 1986) in male rats increase feminine sexual behavior. Although lesions of the POA decrease male reproductive behavior in both the rat (Arendash and Gorski, 1983) and primate (Slimp et al., 1978) specific lesions of the rat SDN-POA have not been shown to affect such behavior (Arendash and Gorski, 1983) . However, SDN-POA volume positively correlates with both testosterone levels and masculine reproductive behavior in male rats (Anderson et al., 1986) . Electrical stimulation of the monkey POA evokes penile erection, ejaculation, and mounting and thrusting behavior. Similarly, changes in neuronal activity in the POA of the male monkey have been related to sexual activity (Maclean and Ploog, 1962; Robinson and Mishkin, 1966; Oomura et al., 1983) . Although the POA is essential for cyclic gonadotropin regulation in rodents (Gorski, 1968) it is apparently not necessary in primates; however, it probably plays a modulatory role (Plant et al., 1979; Pohl and Knobil, 1982) .
What determines sexual dimorphism?
We do not know whether genomic determinants, environmental factors, and/or hormone levels influence the sex differences in INAH-and INAH-3. However, there is evidence that some facets of human behavior may be influenced by hormone levels during the perinatal period (Hines, 1982) . In some species, structural neural sex differences are clearly affected by gonadal steroids. For example, in the rat (Gorski et al., 1978 (Gorski et al., , 1980 and guinea pig , the steroid environment during Cel l Groups i n Human Brain perinatal development appears to determine the size of the sexually dimorphic nuclei. Indeed, gonadal hormones may serve as neurotrophic substances during the development of the PO-AHA (Gorski, 1985) . In other cases, such as the sexually dimorphic area of the gerbil and nuclei involved in song behavior in canaries, the prominence of the sexually dimorphic regions is affected by both the early hormonal environment and by adult hormone levels (Nottebohm, 1980 (Nottebohm, , 1981 Commins and Yahr, 1984) . In fact, steroid hormones may play a powerful role in neural plasticity in the adult brain by inducing dendritic growth and the formation of functional synapses (DeVoogd and Nottebohm, 198 1; Matsumoto and Arai, 198 1) . INAHmay resemble the SDN-POA of the rat and the guinea pig to the extent that its volume might be determined by early hormone exposure. It is consistently larger in males than in females, despite changing levels of steroid hormones throughout life. In contrast, INAHmay be similar to the sexually dimorphic cell groups of canaries and of gerbils in that its volume may change with fluctuations in circulating hormones. It is important to note, however, that our sample contained only 3 women of childbearing age and only 1 prepubescent pair. Clearly, further data are needed before any conclusions can be made regarding the possible influence of changing steroid titers on the volumes of INAHand INAH-3.
Asymmetry
Although complete analysis of INAH l-4 and the SON were performed on only the right side of the brain, one investigator evaluated INAH l-4 on both sides of the brain, and observed no pattern of asymmetry. Although no asymmetries have been observed in the SDN-POA of the rat , sex-related cerebral asymmetries have been reported in both the rat (Diamond et al., 1983 ) and the human (Wada et al., 1975) which may be related to sex differences in estrogen receptor asymmetries in cortical regions (Sandhu et al., 1986) .
Is INAH-I sexually dimorphic? During the course of the present study, Swaab and Fliers (1985) reported a sexually dimorphic nucleus in the human POA that resembles INAHin location, size, shape, and cell type, and in its dramatic decrease in volume with advancing age. As shown in Figure 4 , INAHof a 64-year-old female brain, cut more obliquely than the other hypothalami, closely resembles-in terms of its location, relative orientation, and shape-the published photograph of what Swaab and Fliers named the "SDN-POA." In our serial-section study of the PO-AHA, no other nuclei besides INAH-1 resembled the nucleus described by Swaab and Fliers in terms of volume; INAHwas the largest distinct cell group besides the SON and PVN, and was several-fold larger than INAH-2-4.
The fact that Swaab and Fliers reported the nucleus they studied to be 6 1% smaller than INAH-1 is probably due to different methods of histological preparation. INAHwas evaluated in gelatin-embedded 60 pm sections, while Swaab and Fliers evaluated their tissue in paraffin-embedded 6 pm sections. Moreover, the borders of the rat SDN-POA at 6 Mm are difficult to define and the volume appears to be approximately 60% smaller than that calculated from the 60 pm sections we use routinely for SDN-POA volume quantification (Gorski et al., 1980) .
Although we firmly believe that the nucleus studied by Swaab and Fliers is the same as INAH-1, we can only speculate as to why they determined this nucleus to be 2.5 times larger in the male brain, whereas we found that INAHwas only 1.2-fold larger in males than in females, prior to brain weight adjustment. Most likely, some discrepancy is due to the fact that our subjects were age-matched, with the average age of females being 2 months less than the average age of males. In contrast, in the Swaab and Fliers study, females were an average of over 10 years older than the males. Since INAH-1 decreases with age, this age difference may have contributed to the significant differences between their male and female groups. The 2 methods of volumetric quantification were also markedly different. While we had 3 independent investigators quantify serial 60-Km-thick sections with an average of 29.5 sections per individual INAH-1, Swaab and Fliers quantified the areas of every 25th 6-pm-thick section, except at the rostra1 and caudal ends of the nucleus, where every 5th section was measured, for an average of 11 sections actually evaluated. In addition, different population samples may have contributed to different results. In studies of the rat, for example, different results are sometimes obtained in different strains of animals and with different rearing conditions. Although it is not possible to match all variables in human research as well as it is in animal research, we have included information as to race as it appeared on the autopsy report (Table 1) since this factor can influence the results.
Alternatively, it is possible that, although the volume of INAHis not sexually dimorphic in 60 pm sections, there is a sexually dimorphic subcomponent of INAHthat, because of greater cell density, may have been the only component of INAHvisible in the 6 Km sections examined in the Swaab and Fliers study. However, in the rat, although there are sexually dimorphic subcomponents to the SDN-POA, the volume of this nucleus is approximately the same fold larger in males than in females, irrespective of whether 60 or 6 pm sections are analyzed. We plan to examine cell density in a further study of the INAH.
Conclusion
Because the human being cannot be manipulated experimentally as can laboratory animals, it is difficult to extrapolate from animals to humans regarding structural, behavioral, or physiological sex differences. It is interesting to speculate that factors such as prenatal stress that both feminize and demasculinize sexual behavior (Ward, 1984) and decrease the volume of the SDN-POA in male rats (Anderson et al., 1986) may, similarly, contribute in human males to homosexuality (Domer, 1976) and to a decrease in the volume of the sexually dimorphic INAH; moreover, the INAH are located in a region of the brain influencing sex differences in gonadotropin secretion which may be altered in some homosexual men (Domer, 1976; Gladue et al., 1984) . Furthermore, gonadal hormones may be important neurotrophic factors in both the developing and adult human and, in fact, have been shown to improve symptoms of Alzheimer's disease in some postmenopausal women (Fillit et al., 1986) . Thus, morphological analysis of the brains from humans with different sexual orientations and identities, during different stages of development, and from individuals exposed perinatally to atypical steroid hormones or therapeutically to altered adult hormone levels may lead to further deductions concerning the possible influence of sex hormones on the structure and function of the human brain.
